Proprotein convertase subtilisin kexin 9 (PCSK9) is a key regulator of low-density lipoprotein receptor levels and LDL-cholesterol levels. Loss-of-function mutations in PCSK9 gene are associated with hypocholesterolaemia and protection against cardiovascular disease, identifying PCSK9 inhibition as a valid therapeutic approach to manage hypercholesterolaemia and related diseases. Although PCSK9 is expressed mainly in the liver, it is present also in other tissues and organs with specific functions, raising the question of whether a pharmacological inhibition of PCSK9 to treat hypercholesterolaemia and associated cardiovascular diseases might be helpful or deleterious in non-hepatic tissues. For example, PCSK9 is expressed in the vascular wall, in the kidneys, and in the brain, where it was proposed to play a role in development, neurocognitive process, and neuronal apoptosis. A link between PCSK9 and immunity was also proposed as both sepsis and viral infections are differentially affected in the presence or absence of PCSK9. Despite the increasing number of observations, the debate on the exact roles of PCSK9 in extrahepatic tissues is still ongoing, and as very effective drugs that inhibit PCSK9 have become available to the clinician, a better understanding of the biological roles of PCSK9 is warranted.
Introduction
Proprotein convertase subtilisin kexin 9 (PCSK9) is a serine protease that plays a key role in the regulation of hepatic low-density lipoprotein receptor (LDLR) function. In fact, circulating PCSK9 binds LDLR, targeting it to lysosomal degradation within cells, 1 which leads to reduced LDLR expression on the cell membrane, decreased LDL catabolism, and increased plasma levels of LDL-cholesterol (LDL-C). Loss-of-function (LOF) mutations in the gene coding for PCSK9 result in lower levels of LDL-C and protection against cardiovascular disease, 2-4 whereas the opposite is observed with gain-of-function (GOF) mutations for PCSK9. 5 These findings set the stage for investigating PCSK9 inhibition as a way to reduce plasma LDL-C levels. The development and therapeutic availability of monoclonal antibodies (mAbs) against circulating PCSK9, which effectively reduce LDL-C up to 70%, is the result of this approach. [5] [6] [7] In this context, however, it is worth noting that such mAbs can block only extracellular circulating PCSK9. The physiopathological relevance of intracellular PCSK9, if any, requires better understanding not only for controlling the LDLR levels 8 but also for other, yet poorly investigated, activities. Although PCSK9 is mainly produced in the liver, it is expressed also in other tissues, including kidney, pancreas, and brain, 9 raising legitimate questions regarding extrahepatic effects of PCSK9 and unwanted effects of pharmacological inhibition. The aim of this review is to discuss critically the effects of PCSK9 on circulating lipoproteins as well as on extrahepatic tissues thus providing the biological bases for monitoring additional consequences of PCSK9 inhibition independent of LDL-C lowering.
. 
PCSK9 and apoB-containing lipoproteins
There is a bidirectional connection between apoB-containing lipoproteins and PCSK9: on one hand PCSK9, by enhancing LDLR degradation, increases LDL-C levels; on the other hand, apoB-containing lipoproteins act also as bulk plasma carriers of PCSK9. 10 Indeed, PCSK9-LDL complexes have been observed initially in in vitro systems or in plasma from transgenic mice expressing human PCSK9. 11, 12 Later this was also confirmed in human plasma, 13, 10 where up to 40% of total PCSK9 appears to be associated with LDL, 10, 14 with a Kd of 160-320 nM at neutral pH. 10, 15 Although a large percentage of PCSK9 is bound to LDL, only one in 500-1000 apoB-containing lipoproteins carries a single PCSK9 molecule. 14 This interaction makes it likely that the correlation between these two molecules in plasma 16, 17 is the result of a complex series of events.
For example, it is not known where and how the association of PCSK9 with LDL takes place. Interestingly, although PCSK9 binds to apoB within the hepatocyte, 11 it does not associate with the apoB-containing VLDL secreted by hepatocytes; [10] [11] [12] [13] therefore, the association of PCSK9 with LDL occurs in plasma and requires VLDL catabolism and perhaps apoB conformational changes or surface exposure of specific, yet to be identified, lipid structures hidden in the much larger VLDL or exposed during lipolysis.
The potential clinical relevance of PCSK9 association with LDL was first demonstrated in patients undergoing lipoprotein apheresis treatment, 14 ,18-20 a dialysis procedure that acutely removes apoB-containing lipoproteins from plasma. Apheresis using dextran sulfate cellulose beads columns or heparin column reduces plasma PCSK9 levels by more than 50%, along with the known 70-80% reduction in LDL. 14, [19] [20] [21] The loss of PCSK9 during apheresis is mainly due to the removal of LDL-bound PCSK9, but also to the loss of some free PCSK9. One could speculate that PCSK9 removal contributes to the overall effects of regular apheresis on plasma LDL levels. In addition, it should be considered that at least two forms of PCSK9 exist in plasma, the intact protein (62 kDa) and the furin-cleaved form (55 kDa), which is less active, [22] [23] [24] but still maintains a significant residual ability to remove surface LDLR. 25 The observation that, in plasma, most of LDL-bound PCSK9 is in the intact form, whereas the furin-cleaved form is mostly found not associated with apoB-containing lipoproteins suggests that LDL-bound PCSK9 might represent the active form of PCSK9 or at least contains the site for interaction with LDL 13, 10, 22 ( Figure 1) . In vitro, LDL inhibits PCSK9-mediated LDLR degradation, 10 suggesting that LDL can compete for the binding of intact PCSK9 to the LDLR at the cell surface. However, as most of the intact PCSK9 in vivo is already associated with LDL, 14, 19 the relevance of these in vitro findings remains unclear. Therefore, one might speculate that LDLR turnover may be mostly controlled by the few LDL particles (one every 500/1000) carrying PCSK9, an intriguing sequitur to the old knowledge that LDLR recycles a few hundred times before finding its demise. Currently available enzyme-linked immunosorbent assays only measure total PCSK9 levels in plasma, without distinguishing between intact and furin-cleaved forms, or between LDL-bound and apoB-free forms. Thus, new methods to quantify plasma PCSK9 forms that serve as surrogate markers for PCSK9 function are needed, as data showing that genetically determined low levels of PCSK9 are associated with low LDL-C levels and reduced risk of CHD, 2 whereas total plasma PCSK9 levels only in some studies but not others independently predicted the incidence of CVD events.
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PCSK9 and lipoprotein synthesis
It is becoming clear that the pro-atherosclerotic action of PCSK9 is not exclusively due to the effect on plasma LDL clearance. Population studies have shown a correlation between plasma PCSK9 and fasting TG levels in both genders [30] [31] [32] [33] [34] although not in obese people. 35 In line with this, subjects carrying the PCSK9 S127R Gain Of Function (GOF) mutation present increased levels of LDL, VLDL, and remnants. 36 Therapies that inhibit PCSK9 significantly reduce plasma TG levels, 37, 38 although not as much as statins. 39 Both secretion and degradation of hepatic TG-rich lipoproteins are negatively regulated by LDLR, 40 and thus PCSK9-induced degradation of LDLR can result in hypertriglyceridaemia through multiple mechanisms. PCSK9 is believed to play a role in the secretion of hepatic apoBcontaining lipoproteins from the liver; indeed, acute adenoviral PCSK9 overexpression in fasted mice causes hypertriglyceridaemia due to dramatically increased hepatic production of VLDL-triglyceride and apoB. 41 In addition, chronic hepatic PCSK9 overexpression stimulates hepatic VLDL production; 11 transgenic expression of human PCSK9 in mice increases hepatic lipogenesis in an apoE and LDLR-dependent manner; 42 and changes in hepatic VLDL production parallel those of PCSK9 production in hepatocytes. 43 Finally, in mice the absence of PCSK9 results in a reduced post-prandial TG peak. 44 The mechanisms by which PCSK9 impacts hepatic TG-rich lipoproteins secretion are poorly understood. PCSK9 overexpression in mice modulates hepatic TG metabolism through regulation of the SREBP1c pathway, with both transcriptional and post-transcriptional regulation of FAS, and through the up-regulated synthesis of non-sterol receptor element (SRE) regulated genes such as apoB, apoE, DGAT1, and microsomal triglyceride transfer protein (MTTP), 42 an ER apoB chaperone critical for the transfer of lipids to apoB. The intestine is the other major source of TG-rich lipoproteins, accounting for a significant portion of plasma lipids in the postprandial 45 PCSK9 expression in the intestine is quantitatively second only to hepatic expression, 9 and studies have shown that absence of PCSK9 reduces apoB48 secretion and protects mice from postprandial hypertriglyceridaemia. 44, 46 In addition, in vivo and in vitro studies have shown that PCSK9 increases assembly and secretion of intestinal TG-rich lipoproteins through mechanisms encompassing the transcriptional (increased FAS, SCD, and DGAT2 expression) and post-transcriptional (increased MTTP activity and decreased apoB degradation) mechanisms, and resulting in lipid accumulation in enterocytes. 47 PCSK9 also affects intestinal cholesterol absorption, as the addition of exogenous PCSK9 to cultured enterocytes reduced the expression of NPC1L1, a key protein in intestinal cholesterol absorption. 48 As it was shown that LDLR directly influences apoB stability by promoting autophagic degradation in hepatocytes and thus reducing the rate of lipoprotein secretion, 49 it is expected that lower LDLR levels in enterocytes 48 will have a similar effect. A summary of mechanisms of PCSK9 induction of the synthesis of apoB-containing lipoproteins is shown in Figure 2 .
Although the exact cellular mechanisms explaining PCSK9 stimulation of TG-rich lipoproteins in enterocytes and hepatocytes are not fully understood, available evidence extends the established notion that apoB is regulated exclusively at the post-transcriptional level 50 and supports the hypothesis for a role of PCSK9 inhibition on cellular lipid trafficking.
To date, clinical studies with anti PCSK9 antibodies were not designed to address the changes in plasma TG levels in hypertriglyceridaemic cohorts; moreover, the antibodies do not directly affect intracellular PCSK9 thus halting from appreciating a direct effect on cellular PCSK9 function.
PCSK9, glucose metabolism, and obesity
In addition to the LDLR, PCSK9 targets also the VLDLR and ApoER2 51, 52 which are intimately involved in the hydrolysis of triglyceride-rich lipoproteins, a critical step for fat utilization in the heart and in the muscles or for fat storage in adipose tissue. Pcsk9 À/À mice fed on a chow diet present adipocyte hypertrophy and increased in vivo fatty acid uptake, 51 which results in increased visceral adiposity. Of note, this phenotype is independent of LDLR expression, as it is also observed in Pcsk9 À/À /Ldlr À/À mice. Even more importantly, PCSK9 deficiency was associated with increased VLDLR expression in fat depots 51 and also with increased cluster of differentiation (CD) 36 expression. 53 PCSK9-mediated CD36 degradation was proposed to limit fatty acid uptake and triglyceride accumulation in tissues, such as the liver. 53 In parallel, studies using transgenic animals with the specific inactivation of PCSK9 in the liver further showed that VLDLR expression is regulated by circulating PCSK9. These data suggest the possibility that by targeting VLDLr and/or CD36, PCSK9 could be involved also in the modulation of TG metabolism. Indeed, a lower postprandial response was observed in Pcsk9
À/À mice, with a reduced triglyceride peak after olive oil gavage, caused by both reduced intestinal apoB secretion in the lymph and increased clearance of plasma chylomicrons, an effect which was not dependent only on LDLR. 44 Additionally, tumour necrosis factor alpha (TNF-a), which is produced during low chronic inflammatory conditions such as those observed in obesity, 54 was shown to induce PCSK9 expression in hepatocytes through the involvement of SREBP-1 and HNF-1 alpha, 55 via Figure 2 PCSK9 and apoB-containing lipoproteins metabolism. PCSK9 regulates surface LDLR levels via targeting of both proteins to lysosomal degradation (1). The main consequence of the decreased PCSK9 interaction with the LDLR is the increase in the intracellular cholesterol pool which promotes: (2) a reduction of the activity of the SRE-dependent pathway and of intracellular cholesterol synthesis, (3) a reduction in the expression of non-SRE genes involved in lipogenesis, (4) a reduction of apoB lipidation, and (5) a reduction of apoB/apoE particle uptake and degradation. Signalling 3) , a contributor to insulin resistance. These findings further confirm how the inhibition of PCSK9 will decrease plasma TG levels by increasing catabolism of TG-rich lipoproteins, but as a consequence support the possibility that it might also increase peripheral fat accumulation. The link between PCSK9 and metabolic dysfunction extends beyond VLDLR modulation, as PCSK9 is expressed also in the pancreas (Figure 3) , mainly in d cells. 56 Pcsk9 À/À mice present an altered morphology of pancreatic islets, 57 although it is not clear whether this is associated with impaired insulin secretion. Indeed, two conflicting reports in animal models were recently published: one showing a neutral effect of PCSK9 on insulin secretion and glucose tolerance, 56 and the other showing that Pcsk9 À/À mice are hypoinsulinaemic, hyperglycaemic, and intolerant to glucose. 57 In the latter study, pancreatic islets from Pcsk9 ) and the strains (with different genetic background) used in these studies may explain such discrepancies. Also in humans, data from carriers of PCSK9 LOF mutations are conflicting, with two reports indicating no pancreatic dysfunction 58 or increased incidence of diabetes 59 with another linking PCSK9 LOF to an increased incidence of diabetes. 60 The possibility that a long-term cholesterol reduction results in metabolic changes, which favour glucose utilization and therefore prompt an increase in plasma glucose levels, cannot be excluded and this is indeed a favoured hypothesis for the effect of statins on incident diabetes. 61,62 **As the LDLR-cholesterol axis has been suggested to play a key role in regulating beta cell function and insulin secretion, 63 the possibility that PCSK9 plays a physiological role also in the pancreas cannot be excluded.
SOCS3 (Suppressor of Cytokine
PCSK9 and vascular tissues
PCSK9 is expressed in many tissues, including liver, small intestine, kidney, and pancreas 9,56 ( Figure 3) . Recent evidence shows that PCSK9 expression is also observed in cells of the artery wall, including endothelium cell (EC), smooth muscle cell (SMC), and macrophages, [64] [65] [66] with local effects that can impact vascular homeostasis and atherosclerosis. Low shear stress up-regulates PCSK9 expression in vascular EC and SMC, and in these cells is coupled with reactive oxygen species (ROS) production, with phosphorylated NF-jB playing a bridging role in LOX-1-mediated PCSK9 expression. 67 In turn, PCSK9 derived from SMC cleaves LDLR at the surface of arterial macrophages 64 a process that may promote LDL accumulation in the artery wall and oxidized LDL (OxLDL) formation; this could trigger a feed-forward loop generating additional intracellular ROS that result in further LDL modification and their binding to LOX- 1. 67 Whether PCSK9 is expressed by macrophages is currently a subject of discussion. Murine J774A macrophages do not express PCSK9 64, 66 whereas murine peritoneal macrophages have been reported to secrete functional PCSK9 by Giunzioni et al., 66 while by another group to not express PCSK9, but to respond to PCSK9 expressed by nearby tissues. 64 Interestingly, the real-time polymerase chain reaction (PCR) primers used to detect PCSK9 expression in hepatocytes do not detect gene PCSK9 is expressed also in other tissues and organs, where it plays additional functions.
expression in mouse peritoneal macrophages, 64, 66 whereas semiquantitative PCR methods 66 show PCSK9 expression in macrophages, though at a much lower level compared with hepatocytes. Experiments with PCSK9-expressing bone marrow cells transplanted into PCSK9 knockout (KO) mice show that macrophage-derived PCSK9 is secreted and reaches the circulation, with <1% of total plasma PCSK9 being macrophage derived. 66 Further, PCSK9 secreted by macrophages and/or SMC is functionally active and reduces LDLR expression in macrophages with a possible local paracrine and autocrine effect on LDLR degradation in atheroma cells. 64, 66 The role of macrophage LDLR on lipid accumulation in the artery wall and atherosclerotic lesion development has been established in C57BL6 mice with macrophages expressing or lacking LDLR. 68 Animals receiving LDLR À/À bone marrow developed significantly smaller lesions than did animals receiving normal bone marrow, indicating that macrophage LDLR influences the rate of foam cell formation in the artery wall and, consequently, atherosclerosis progression. 68, 69 It can be speculated, therefore, that reduction of the LDLR number by PCSK9 in macrophages results in a reduced rate of foam cell formation in the artery wall and less atherosclerosis. However, in apoE À/À mice, bone marrow transplantation of leucocytes overexpressing human PCSK9, although resulting in reduced surface LDLR levels on macrophages, did not translate in increased atherosclerotic lesion size, 66 thus limiting the impact of macrophage-derived PCSK9 in this context. More recently, the direct effect of local PCSK9 on the atheroma was studied in the absence of systemic lipid changes. 42, 66 Local expression of PCSK9 from macrophages affected neither plasma lipid levels nor atherosclerotic lesion size, but PCSK9 accumulated in the artery wall and induced infiltration of Ly6c hi monocytes into the atherosclerotic lesion. 66 Ly6C hi monocytosis is a hallmark of tissue inflammation, 70 as Ly6C hi monocytes are precursors of macrophages with a proinflammatory phenotype. Interestingly, the accumulation of PCSK9 in the artery wall, and its effect on Ly6C hi monocyte recruitment into the artery wall were completely abolished when macrophages did not express LDLR. 66 The direct involvement of PCSK9 in the formation of atherosclerotic plaque has been shown by a study that evaluated the effect of the anti-PCSK9 mAb alirocumab in a mouse model of atherosclerosis. 71 This study showed that alirocumab alone or in combination with atorvastatin significantly reduced plasma lipids by reducing LDLR degradation; this resulted in a reduced atherosclerosis development and the improvement of plaque morphology, with a decrease of macrophage and necrotic content and increased smooth muscle cells and collagen content. 71 These findings suggest the possibility that anti-PCSK9 mAb may prevent the formation of new lesions. Changes in PCSK9 plasma levels may also affect macrophage function, as PCSK9 deficiency was associated with a reduction in OxLDL-induced cytokine expression by macrophages. 72 Moreover, transgenic overexpression of PCSK9 promotes lesion inflammation in the vascular wall of mice on apoE À/À but not LDLR À/À background. Several additional findings support a possible role for PCSK9 in the inflammatory processes: (i) PCSK9 levels correlate with white blood cell count in patients with stable coronary artery disease; 73 (ii) the pro-inflammatory cytokine interleukin (IL)-1 b disrupts the cholesterol-mediated feedback regulation of LDLR in SMC, thus causing massive uptake of native LDL and foam cell transformation through mechanisms involving mTOR activation both in vitro and in apoE À/À mice, 74, 75 suggesting a potential role for proteins affecting the LDLR activity such as PCSK9; (iii) macrophage-derived PCSK9 promotes inflammatory macrophage differentiation in vitro and increases monocyte infiltration in the artery wall in apoE À/À mice, 66 and anti-PCSK9 treatment reduces monocyte recruitment in apoE3Leiden/cholesteryl ester transfer protein (CETP) mice; 71 (iv) lack of PCSK9 protects against septic shock induced by LPS administration, an effect not seen in LDLR À/À mice and in FH patients without functional LDLR; 76 (v) PCSK9 gene expression is regulated by HNF-1a, an acute-phase response transcriptional controller, which suggests that PCSK9 expression takes part in the inflammatory process underlying the pathogenesis of coronary heart disease; 77 and (vi) PCSK9 expression is also regulated by the pro-inflammatory cytokine TNF-a, in a SOCS3-dependent manner, suggesting a direct link between inflammation and the regulation of lipid metabolism via PCSK9. 55 Systemic and local expression of PCSK9 (by either SMC or macrophages) affects macrophage LDLR levels, 64, 66 and thus the absence of LDLR may mitigate the negative effect of PCSK9 on inflammation. This mechanism explains, at least in part, the anti-atherogenic effect of LDLR absence in macrophages 68 and the possible effect of PCSK9 on lesion inflammation. Moreover, it was suggested that PCSK9 interacts with other members of the LDLR family, such as LRP1 and leads to its degradation in many cell types, 78 including macrophages. 66 As macrophage LRP1 deficiency in mice has been associated with increased atherosclerosis, it is also possible that PCSK9 interaction with LRP1 in the plaque enhances the local inflammatory response. 79 Potential pathways involved in PCSK9-mediated inflammation are depicted in Figure 4 .
PCSK9 and the kidney
The kidney is another organ producing PCSK9 to a significant level (Figure 3 ), 9 and in this site the epithelial Na þ channel (ENaC) was identified as a PCSK9 target. 80 ENaC plays a critical role in the re-absorption of Na þ from urine across epithelium, and defects in ENaC regulation are responsible for most of the known genetic forms of hypertension.
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PCSK9 interacts with ENaC and reduces its cell surface expression mainly by increasing its degradation in the biosynthetic pathway thus reducing the amount of ENaC available for exocytosis. 80 Thus, reductions in PCSK9 might result in increased Na þ renal absorption and increased risk of hypertension. However, PCSK9 deficiency neither increases ENaC expression nor alters blood pressure in mouse models of hypertension, 81 a finding in line with the observation that subjects carrying LOF mutations of PCSK9 do not exhibit increased prevalence of hypertension compared with non-carriers. 2 Furthermore, in studies with anti-PCSK9 mAbs such as evolocumab or alirocumab, no effect on blood pressure has been reported to date. 38, [82] [83] [84] [85] [86] [87] Patients with impaired renal function exhibit altered lipid metabolism and dyslipidaemia, 88 which may in turn contribute to the worsening of renal function and to the development of cardiovascular complications. 89, 90 Of note, in rats with experimental chronic renal failure, serum PCSK9 levels are significantly increased and liver LDLR decreased compared with pair-fed and controls; higher levels of total cholesterol and LDL-C were also observed, which positively correlated with circulating PCSK9 and negatively with levels of LDLR. 91 Several studies have also evaluated the correlation between circulating levels of PCSK9 and renal disease. PCSK9 plasma levels are elevated in subjects with proteinuria compared with matched healthy individuals, and the extent of PCSK9 level increase is proportional to the degree of proteinuria and is not affected by antiproteinuric therapy. 92 Within the proteinuric group, statin treatment is associated with higher PCSK9 levels, a finding in agreement with the known effect of statins to increase both LDLR and PCSK9 expressions. Patients with severe glomerular proteinuria, also referred to as nephrotic syndrome, exhibit elevated levels of total and LDL-C, mainly due to an acquired LDLR deficiency, which results in a reduced removal of LDL particles from the circulation. 94 These patients also have higher PCSK9 levels compared with matched healthy subjects, with a significant direct correlation between plasma PCSK9 and total cholesterol and LDL-C concentrations. 95 This finding suggests that increased PCSK9 levels can cause LDLR deficiency, which in turn regulates plasma PCSK9 levels in a reciprocal regulation loop, 13 thus contributing to the onset of hypercholesterolaemia in these patients. The mechanisms underpinning these effects are not clear but indicate a possible benefit of PCSK9 inhibition in these patients. Similarly, plasma PCSK9 levels are higher in patients with chronickidneydisease (CKD) compared with healthy subjects; 96 among these patients, those not taking statins showed an inverse correlation between PCSK9 levels and estimated glomerular filtration rate and a direct correlation with total cholesterol and LDL-C. 96 In addition, PCSK9 plasma levels were positively correlated with TG and negatively with HDL-C. 96 Similar results were reported in another study showing that subjects with CKD on haemodialysis have lower PCSK9 levels when compared with healthy subjects, that the subgroup taking statins have increased PCSK9 levels compared with the subgroup not taking statins, and that there is a positive correlation between PCSK9 levels and TG levels. 97 The mechanisms responsible for the increase of PCSK9 levels in patients with CKD are still not known; however, in a model of experimental renal failure, a reduced liver clearance of PCSK9 from the circulation was reported. 98 In addition, the progression of CKD may also reduce renal LDLR-mediated clearance of PCSK9, thus contributing to the increase of PCSK9 levels. Other mechanisms contribute to the increased PCSK9 levels in CKD patients, as PCSK9 expression is up-regulated by the chronic pro-inflammatory status present in CKD patients, 99 and this mechanism might contribute to induce PCSK9 expression and increase its plasma levels. Altogether, these observations support the hypothesis for a PCSK9 role in the development of dyslipidaemia in renal pathologies, and suggest that a study on the benefit of PCSK9 inhibition should be performed in CKD patients.
PCSK9 and infections
Metabolism and levels of lipids and lipoproteins are dramatically altered during infections and therefore systemic factors modulating lipid metabolism, such as PCSK9, may play a role under these conditions.
Bacterial infections/sepsis
Lipoproteins and their receptors play a key role during sepsis as they favour the hepatic clearance of endotoxins. [100] [101] [102] Following infection, lipid microbial moieties, which are often present in the microbial cell wall, do not circulate in the free form but are quickly bound to specific proteins, including the bactericidal permeability increasing protein and the microbial LPS-binding protein [100] [101] [102] which are mainly present on HDL and support a role for this class of lipoproteins in immunity. [100] [101] [102] Of note, proteins that have been critically associated with lipoprotein metabolism such as CETP and phospholipid transfer protein (PLTP) also bind lipid pathogens and therefore their deficiency, in animal models, was shown to be associated with decreased survival following sepsis. 103 These findings support the concept that the clearance of cholesterol and that of pathogen lipids share common pathways, likely due to their incorporation with and transfer among lipoproteins. 104 , 105 Factors improving LDL clearance in sepsis could therefore reduce endotoxaemia and 106 and, more importantly, the PCSK9-LDLR interaction was found to play a key role in this context ( Figure 5) . Indeed, Pcsk9 À/À -deficient mice displayed blunted cardiovascular and systemic responses to LPS treatment 76 and administration of PCSK9-blocking antibodies increased survival and blunted the inflammatory response after sepsis in wild-type mice. 76 This effect was shown to be critically dependent on LDLR, as PCSK9 inhibition in LDLR KO mice did not result in additional protection. 76 Plasma PCSK9 levels significantly increase during sepsis, and this results in a reduced clearance of bacterial endotoxin via the LDLR pathway; 107 moreover, PCSK9 plasma levels correlate with the onset of multiple organ failure. 107 The critical role for PCSK9 in human sepsis has been confirmed by the observation that patients carrying PCSK9 LOF mutations displayed increased survival compared with patients without LOF, 76 whereas, on the contrary, patients with a GOF genetic variant showed a reduced survival. 76 When carriers of PCSK9 LOF mutations were exposed to LPS, they showed a reduced inflammatory response as determined by changes in plasma IL-6 levels. 76 Also in humans, the PCSK9-dependent effect was the direct consequence of the modulation of the LDLR and indeed carriers of a polymorphism within the LDLR gene altering the ability of PCSK9 to bind the EGF-A domain were insensitive to any protective effect related to PCSK9 LOF. 76 These findings suggest a critical role for PCSK9 in limiting clearance of lipid pathogens, and support the hypothesis that PCSK9 inhibition represents a novel strategy for sepsis treatment.
Viral infections
Hepatitis C virus (HCV) is a major cause of chronic hepatitis that may lead to cirrhosis and hepatocellular carcinoma; several surface proteins have been proposed to have a role in HCV entry within cells, and a major role was proposed for LDLR and tetraspanin CD81 ( Figure 5 ).
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In the circulation, HCV associates with LDL and VLDL, and may use the LDLR route to enter hepatic cells. 108 In vitro studies showed that up-regulation of LDLR facilitates HCV infection in vitro and that the transfection of LDLR in cells not expressing this receptor, and thus unable to bind HCV, significantly increased the binding of HCV. 108 However, some contrasting observations regarding the role of LDLR in HCV entry have been reported; in fact, it has been proposed that LDLR might play a relevant role in HCV replication but does not seem to have a major role in the productive HCV entry. 109 In vitro HCV infection increased LDLR expression both at the protein level and at the transcriptional level (SREBP), thus resulting in an increased uptake of LDL, and the livers from patients with chronic hepatitis C exhibit increased expression of LDLR compared with the livers from non-HCV donors. 110 The downregulation of LDLR activity resulted in a reduced HCV infectivity 109 probably due to a reduced uptake of cholesterol and other lipids that can affect HCV replication, suggesting that LDLR may be involved in viral processes downstream of entry, such as intracellular accumulation of lipids regulating HCV virus particle assembly and secretion rates. PCSK9 targets and reduces cell surface expression of both LDLR and CD81, the latter causing reduced susceptibility of cells to infection by HCV. 111 Although PCSK9 mRNA expression was not affected, PCSK9 protein expression was reduced, likely due to increased targeting to proteasomal degradation. 110 In Pcsk9 À/À mice, livers exhibited a higher level of CD81 compared with wild-type animals, and a similar observations were reported in the double KO Pcsk9 À/À /Ldlr À/À , confirming the LDLRindependency of the effect on CD81. 111 In line with these observations, incubation with PCSK9 resulted in the inability of HCV to infect cells. 111 Data obtained with GOF mutants of PCSK9 showed that although D129N and D374H mutants increased LDLR but not CD81 degradation compared with wild type, the GOF D374Y decreased both LDLR and CD81 expression, indicating a crucial role of the residue in this position. 112 On the contrary, some LOF mutations on the catalytic domain of PCSK9 result in the inability to bind and degrade either LDLR and CD81 or only LDLR. (B) PCSK9 reduces LDLR thus resulting in reduced LDL-associated HCV uptake and decreased viral infection.
PCSK9 beyond LDL
Altogether these observations suggest that, at least in vitro, PCSK9 has the potential to protect against HCV and thus, the correlation between PCSK9 inhibition and the incidence of HCV infection needs to be carefully monitored in phase 3 clinical trials as well as in post-marketing studies.
Parasitic infections
Although cholesterol is the main sterol in parasites, they do not have the ability to synthesize it and thus their cholesterol is derived from cellular and circulating sources in the host through specific lipoprotein receptorlike proteins. 113 Parasitic infection is usually associated with reduced plasma cholesterol levels and altered lipoprotein composition 113 in the host. Furthermore, similar to viruses, parasites may utilize the host LDLR pathway for cell invasion. 114, 115 These observations suggest that parasitic infections might interfere with the axis LDL-C/LDLR and that, due to the competition for cholesterol, genetic variants that may represent an advantage for the host, the parasite, or both may have evolved.
Out of the three major nonsense single-nucleotide polymorphisms (SNPs) of PCSK9-R46L, Y142X, and C679X-the first is more frequent among white subjects, whereas the other two nonsense mutations are more frequent among African Americans, and are associated with a 40% reduction in LDL-C and a 88% reduction in CHD rates. 2 It was proposed that the high frequency of these mutations might be protective against parasitic infections. 113 In this context, PCSK9 LOF SNPs may have been naturally selected due to the dual protection of the host, i.e. a more efficient removal of circulating lipoproteins and the inhibition of parasite proliferation and activity. 113 If this hypothesis is correct, then these two SNPs should be particularly frequent in areas where parasitic infections are common; of note, the C679X variant was identified in 3.7% of a women population attending two prenatal clinics in Zimbabwe 58 but no data on the incidence of parasitic infections are available.
PCSK9 and the brain
PCSK9 was initially discovered as a protein expressed in the brain (NARC-1); 9 its role in the brain, however, is to date controversial, and indeed, either a pro-apoptotic effect or a protective role in the development of the nervous system has been proposed. PCSK9 has been detected also in the cerebrospinal fluid, although to a level which is approximately 50-60 times lower than that detected in the serum. 116 
Role of PCSK9 in neuronal development
PCSK9 is highly expressed in cells that present an elevated proliferative index, and these include also embryonic brain telencephalon neurons, 9 which, when transfected to overexpress PCSK9, present a higher recruitment rate of undifferentiated neural progenitor cells. 9 The relevance of PCSK9 in this process was observed also in pluripotent mouse P19 embryonal carcinoma cells: although naïve P19 cells exhibited a very low level of PCSK9, after neuroectodermal induction by retinoic acid PCSK9 expression increased and reached a peak after 2 days, suggesting that early PCSK9 increased expression may be required to modulate cell differentiation. 117 This is in agreement with the observation of a transient increased expression of PCSK9 in the telencephalon and cerebellum during the gestational period in rodents. This was not seen in adulthood, with the exception of the rostral extension of the olfactory peduncle (RE-OP). 9 PCSK9 and LDLR are co-expressed in the telencephalon and cerebellum during active neurogenesis, and in RE-OP of adult animals. 118 During brain development, LDLR is decreased following the increased expression of PCSK9 in wild-type mice, whereas LDLR protein levels are higher in telencephalon and cerebellum of Pcsk9 À/À mice compared with wild-type animals. LDLR expression is not affected in RE-OP and olfactory bulb of adult Pcks9 À/À mice, suggesting that in these brain areas PCSK9 does not promote LDLR degradation. 118 In agreement with these observations, apolipoprotein E, the main apolipoprotein in brain and a ligand for LDLR, is significantly reduced during brain development in Pcsk9 À/À mice, due to an increased expression of LDLR, but not in adulthood RE-OP or olfactory bulb, where the expression is similar to that of wild-type mice. 118 In addition Pcsk9 À/À mice are viable 46 and do not exhibit relevant alterations in the cerebellum, hippocampus, or cortex, 119 in agreement with the observation that humans carrying complete LOF mutations of PCSK9 show no major neurological defects. 58, 120 In zebrafish, which has a pattern of expression of PCSK9 similar to that observed in mice, 117 the embryonic knockdown of PCSK9, however, results in defective neurogenesis, disorganization of cerebellar neurons, and embryonic death at 96 h after fertilization. 117 This last finding suggests a possible different role for PCSK9 in the development of central nervous system (CNS) in mammals and fishes. Following experimental transient ischaemic stroke in mice, PCSK9 mRNA levels increase in the lesioned area 24-72 h after reperfusion, and return to basal levels after 1 week. 118 Of note, PCSK9 expression was not observed in the infarct and penumbra areas (suggesting that it may not play a role in cell death) but rather in the area where neurogenesis takes place. 118 In spite of this specific up-regulation, Pcsk9 À/À and wild-type mice presented a similar level of cell proliferation thus perhaps limiting the role for PCSK9 in de novo neurogenesis. 118 After the ischaemic stroke, LDLR expression was decreased in the lesioned area of the brain, but in Pcsk9 À/À mice the reduction in LDLR levels was significantly attenuated; 118 nevertheless, apoE levels increased similarly in both groups in lesion areas compared with the non-lesion side. 118 This suggests that the higher levels of LDLR observed in Pcsk9 À/À mice after transient ischaemic stroke do not enhance the degradation of cerebral apoE. These findings indicate that the inhibition of PCSK9 should not interfere with brain development or impact brain recovery after an ischaemic stroke, in agreement with the observations that subjects carrying LOF variants of PCSK9 are healthy. 3, 120 Although not conclusive, these data have a clinical relevance; in fact, although under physiological conditions antibodies do not cross the blood-brain barrier (BBB), some pathological conditions, however, may increase its permeability. As example, after the onset of acute ischaemic stroke, the BBB is rapidly disrupted and this perturbation persists for days. 121 Other pathological conditions which might result in increased permeability of BBB include diabetes mellitus (due to microvascular anomalies in the brain leading to BBB dysfunction), 122 acute and chronic cerebrovascular diseases 123 and, in some cases, after cardiac surgery. 124 Finally, as the two PCSK9 targets, VLDLR and ApoER2, 52 play a critical role also in neuronal migration 125 and when both are defective the cerebellar development is arrested, 126 it remains to be addressed whether PCSK9 inhibition in this context will be beneficial.
Role of PCSK9 in neuronal apoptosis
Neuronal apoptosis is a crucial process during normal CNS development, but it can also have a pathological connotation in the aetiology of neurodegenerative disease in adult brain, as it can induce the loss of neuronal network integrity. 127 PCSK9 was identified as one of several genes whose expression was up-regulated during apoptosis induced by withdrawal of potassium and serum in cultured cerebellar granule neurons (CGN). 128 Accordingly, the transient overexpression of recombinant NARC1/PCSK9 in CGN is proapoptotic and only partially sensitive to caspase inhibitors, thus defining both a caspase-dependent and a caspase-independent component of PCSK9 pro-apoptotic effect. 129 Human gliomas are malignant tumours of the CNS characterized by aggressive proliferation and expansion into surrounding brain tissue. Recently, it has been shown that PCSK9 regulates apoptosis in a model of human neuroglioma; indeed, silencing of PCSK9 by siRNA inhibited cell proliferation and increased the pro-apoptotic to anti-apoptotic protein ratio. 130 On the contrary, PCSK9 overexpression promoted cell proliferation, 130 suggesting an anti-apoptotic effects in these cells. It could be hypothesized that PCSK9 inhibition might represent a possible therapeutic strategy to treat neuroglioma. The data available, however, are scarce and in vivo data are still lacking. PCSK9 RNA interference (RNAi) also resulted in the inhibition of caspase-3 cleavage and phosphorylation of c-Jun in potassium-deprived CGN, thus resulting in an increased cell survival. 131 CGN endogenously express ApoER2 and VLDLR; a decrease in their expression is observed after potassium deprivation 131 and is associated with a reduction of cell survival ( Figure 6 ). This effect was proposed to be the consequence of PCSK9 up-regulation; however, studies with PCSK9 RNAi have shown a significant increase mainly in ApoER2 but not in VLDLR levels 131 thus prompting the need of additional studies to clarify this issue. More importantly, PCSK9 RNAi was not effective in an ApoER2 knockdown model, further suggesting a critical role for ApoER2 in these experimental conditions. 131 Data obtained in vitro were not fully recapitulated in vivo; in fact, although PCSK9 can bind LDLR, VLDLR and ApoER2 in a cell-free assay, changes in PCSK9 expression do not modify the expression of these receptors in the adult mouse brain. Furthermore, although liver LDLR levels were changed in Pcsk9 À/À or PCSK9 overexpressing mice compared with wild-type mice, no alteration was observed in LDLR levels in the brain of these animals. 132 These contrasting results may be explained assuming that PCSK9 could have a cell/tissue-specific function, or by the observation that, being PCSK9 level in the adult mouse brain much lower than in the liver, it could not modulate receptor levels.
PCSK9 and neurocognitive dysfunction
Theoretically, cholesterol-lowering might induce effects on brain; this organ, in fact, has a high content of cholesterol, an essential component for neuronal development as well as for brain function 133 and thus the reduction of plasma cholesterol levels to a large extent might negatively impact brain function. In this context, statins have received attention for their potential to impair neurocognitive function, but the reported symptoms were generally of poor grade, reversible upon statin discontinuation and not associated with fixed or progressive neurodegenerative disease such as Alzheimer's disease (AD). 134 On the contrary, hypercholesterolaemia is considered an important risk factor for AD and other neurodegenerative diseases and lipid-lowering therapies can attenuate the risk of such pathological conditions. 133 Whether these considerations could be extended also to other drugs reducing LDL-C levels, including PCSK9 inhibitors, is still a matter of debate. It has to be acknowledged that low levels of plasma cholesterol such as those due to LOF variants in PCSK9 gene have not been associated with cognitive impairment. 58, 120, 135, 136 Is it possible that PCSK9 affects neurological function independent of lipoprotein receptors modulation? Neurodegenerative processes leading to the progressive loss of neural tissues characterize neurological diseases, such as Parkinson's disease and AD. In particular the excessive production and accumulation of amyloid ß peptide (Aß) in the brain is a hallmark of AD, thus resulting in the formation of lesions and neurofibrillary tangles; in addition, 'pathological' neuronal apoptosis represents a process relevant in the pathogenesis of this disease, which can be induced by a large number of factors.
137 BACE1 [ß-site amyloid precursor protein (APP)-cleaving enzyme 1] is a membrane protein that catalyses the rate limiting step in the amyloidogenic metabolism of APP that results in the generation of Aß. 138 BACE1 is transiently acetylated on seven different lysine residues in the lumen of the endoplasmic reticulum followed by deacetylation in the lumen of the Golgi apparatus after full maturation; 139 this transient acetylation is required for the nascent protein to leave the ER and proceed towards the secretory pathway, whereas non-acetylated protein is retained and degraded. 139 PCSK9 was shown to contribute to the disposal of this non-acetylated BACE1 form. 140 In vitro, PCSK9 overexpression results in the reduction of endogenous BACE1 levels ( Figure  6 ), with a decrease of both immature and mature forms, whereas the down-regulation of PCSK9 by siRNA completely normalized the levels of BACE1. 140 When cells were transfected with either the wild type or a mutant form of BACE1, silencing of PCSK9 increased the levels of wild type and loss-of-acetylation mutants of BACE1 but not those of gain-ofacetylation mutant. 140 In addition, Pcsk9 À/À mice showed higher levels of BACE1 and Aß in the neocortex. 140 These findings suggest that in the brain PCSK9 regulates the metabolism of BACE1 and the rate of Aß production. However, similarly to the results described for ApoER2 and VLDLR, another work reported a lack of effect of PCSK9 overexpression or deletion on the levels of BACE1 in the mouse brain, with a concomitant lack of effect also on Aß levels, 132 and the authors concluded that PCSK9 has no effect on these receptors and enzyme in vivo. Therefore, the role of PCSK9 on brain biology remains controversial.
In randomized clinical trials with PCSK9 mAb, neurocognitive adverse events were uncommon and PCSK9 mAb treatment was not associated with increased incidence of neurocognitive adverse events in most studies. 37, 82, 83, 85, [141] [142] [143] However, two trials reported, although not statistically significant, an increase of neurocognitive adverse events in the group treated with PCSK9 mAb. 87, 144 A key aspect might be represented by the criteria used to define the neurocognitive disorders (often selfreported), which consist of delirium (including confusion), cognitive and attention disorders and disturbances, dementia and amnestic disorders, disturbances in thinking and perception, mental impairment disorders.
On the other hand, the data from the recent meta-analyses are not unequivocal. 145, 146 In fact, Lipinski et al. 145 reported a significantly increased incidence of neurocognitive adverse events with PCSK9 inhibitors (odds ratio ¼ Of note, no correlation was found between neurocognitive events and the degree of LDL-C reduction obtained, 144 suggesting that very low levels of LDL-C (<25 mg/dL) cannot directly elicit neurocognitive dysfunctions. This observation is in agreement with the fact that lipoproteins carrying cholesterol cannot cross the BBB and thus brain cholesterol is synthesized de novo and is independent of circulating levels of cholesterol. Although, as described above, mAbs to PCSK9 do not cross the BBB due to their size, some concerns may raise also from the observation that neurological diseases such as AD and multiple sclerosis are associated with BBB disruption, an event that would increase the permeability of substances normally excluded from the brain 149 such as the antibodies. Altogether these observations suggest the need for longer follow-up together with a more rigorous assessment of neurocognitive adverse events to define a possible role of PCSK9 inhibition in increasing the risk of neurocognitive disorders. In summary, the role for PCSK9 in the brain is still largely debated and most of the controversial results stem from in vitro cell systems and selective manipulations in animal models, whereas data in humans are still inconclusive.
Conclusions
Since the discovery of its physiological role, PCSK9 has become the focus for the development of therapeutic approaches to hypercholesterolaemia. The impetus of research and the magnitude of effects achieved in the area of plasma lipids and lipoproteins, mainly by the use of mAbs, have somehow limited investigations on the intracellular or other possible physiologic roles of PCSK9. In this review, we have addressed the areas of research that in our opinion require serious scrutiny to better understand the biological role of this intriguing protein, an information which is critical and may add or detract value from different approaches to modulate PCSK9 activity.
Some key points in our opinion require further investigation:
(1) Investigating the role of PCSK9 in modulating lipid and lipoprotein metabolism especially in the area of lipoprotein assembly in both the intestines and liver, and the binding of PCSK9 to specific circulating lipoproteins, might help in explaining some of the effects observed in relation to atherosclerosis, for example modulating post-prandial lipaemia, or decreasing Lp(a) plasma levels. (2) A better knowledge of PCSK9 biology will also offer the opportunity to unravel other possible physiological roles lipoproteins may play that were in place thousands of years ago such as, perhaps, protection from infections. This role is of potential value under some circumstances such as acute infections. Of note, the fact that different PCSK9 polymorphisms give rise to a selective effect on CD81 and viral infection as compared to the interaction with the LDLR raises the question as to whether we can design molecules not affecting CD81 but controlling only the LDLR. This knowledge might help to mitigate the consequences of bacterial or even viral infections. At the same time, the control of the outcomes following infections in patients being treated with PCSK9 inhibitors should be carefully investigated. (3) Another intriguing observation refers to the effects of PCSK9 on the distribution of adipose tissue and glucose metabolism. Are we somehow modulating the metabolism of adipocytes via modulation of VLDL receptors? Is the effect of PCSK9 KO in mice relevant to man as per the pancreatic function? To date the clinical trials appear reassuring; however we should bear in mind that some of these correlations may be linked to the intracellular presence of PCSK9, not targeted by mAbs; the fact that humans homozygotes for LOF mutations do not recapitulate the observations in mice may not be taken as the final proof. (4) Last but not least the possible role for PCSK9 in the nervous system.
The preliminary report of neurocognitive effects following PCSK9 inhibition with mAbs has raised a number of questions. The role of PCSK9 in modulating apoptosis in the CNS in mice certainly suggests that a better understanding of this function is requested. A clinical trial currently being performed with mAbs will provide the final answer.
A final point relates to the fact that systemic inhibition of PCSK9 in the circulation, as it occurs with the mAbs now available for therapy, may not have the same effect as inhibiting also intracellular levels of PCSK9 as it occurs with other approaches (such as siRNA). This calls for a word of caution when other approaches are sought for inhibiting PCSK9 that will affect intracellular levels of the protein. Some unexpected findings may occur.
In summary although we are already in the clinic to inhibit the function of PCSK9 for controlling plasma lipids, we are far from fully understanding the physiological role of this protein: a number of experimental and some clinical data suggest that PCSK9 may not serve only the role of controlling plasma cholesterol. The recognition of LOF and GOF mutations as well as some well-designed mechanistic studies might offer a key to unravel these mechanisms in humans.
